and there is often considerable variation in the levels indicated.
An attempt has therefore been made to find some better and more meaningful measure of the degree of air pollution to which the inhabitants of any town have been exposed. The indices adopted were based on the quantities of different fuels burnt annually in each town, and the area in which they are burnt.
The 83 county boroughs (C.Bs) of England and Wales were chosen for study because details of the numbers of deaths in these towns have been published or otherwise made available by the General Register Office over a considerable period; 79 of them are in England, and four in Wales, and they vary in size from Canterbury with a population of 28,000, to Birmingham with a population of over one million, the average (median) being about 110,000.
Six groups of causes of death have been studied:
(1) Bronchitis (2) Pneumonia (3) Respiratory Tuberculosis (4) Lung Cancer (5) Other Respiratory Diseases (6) All Non-Respiratory Diseases.
The standard of diagnosis of these diseases may vary in different parts of the country, but it is felt that this is unlikely to invalidate the results obtained. Any relationship between the "social status" of a town and the diagnostic criteria adopted by its doctors has been taken into account to some extent in the statistical techniques used in the study of social indices. The death rates refer almost entirely to males in the age group 45-64 years and cover the 7-year period, 1948-54. Death rates for the age group 65-74 years refer to the 5-year period 1950-54, since the figures available were less detailed before 1950. The populations on which the various rates are based are those of the 1951 Census. Details of these death rates have been published by the General Register Office (1957) .
Details of the fuel consumed by the electricity generating stations were also available, but this has not been classed here as "industrial" fuel, the question of air pollution by power stations being dealt with separately. It was unfortunately impossible to obtain any information about air pollution by railways and shipping. (For details of these statistics and methods used to make certain estimates, see Appendix.) One aim of the inquiry was to differentiate between the effects of smoke and sulphur pollution, and for this purpose the Fuel Research Station of the Department of Scientific and Industrial Research supplied estimates of the amounts of smoke and sulphur dioxide emitted by given quantities of each of the fuels mentioned above. The amount of smoke and sulphur dioxide emitted annually in each C.B. was then estimated on this basis.
MEASUREMENT OF AREA
The area of a town in which fuel is burnt is the "built-up area". In a previous communication of preliminary results (Daly, 1954) , use was made of the total area of each C.B., though it was pointed out that these areas often include considerable portions of agricultural or park land. Subsequent studies showed a great range of variation in the proportion of a town's area which is "built-up". Smethwick, for example, is completely built-up, (according to the definition given below), whereas more than 14,000 of Merthyr Tydfil's 17,760 acres do not appear to be built on at all.
Since no data existed on the exact proportion of built-up area in each C.B., a separate inquiry was undertaken to obtain the relevant information. The Ministry of Housing and Local Government gave access to the 6 in. to the mile maps of present land utilization which had been submitted by each county borough under the Town and Country Planning Act, 1947 Further, industrial chimneys are very much higher, so that a much greater proportion of their emission is probably dispersed into the atmosphere. It follows that the "arbitrary units" adopted in this paper can validly be used in comparisons between towns but must not be taken to demonstrate the relative magnitudes of the domestic and industrial air pollution effects.
Although a study of domestic and industrial fuel consumption fails to indicate the relative importance of the effects of smoke and sulphur emission on health (as measured by mortality rates), it has been possible to study the problem in another way. Power stations are essentially sulphur-emitting agents, and if pollution from this source is shown to have an effect on health then sulphur would probably be incriminated. Since they are point sources of pollution, however, the techniques used for measuring domestic and industrial pollution are inapplicable. This particular problem is approached by a different method which is outlined later.
Correlation.-In correlating the indices of pollution with the death rates, one important feature must * For reasons which will be discussed later the logarithm of industrial smoke per acre has been used as the "industrial pollution" index in the calculation of correlation co-efficients. There is no doubt that the air pollution indices are also subject to considerable error, but it is impossible to measure the extent of this, and no attempt has been made to correct the relevant values of r. The same applies to the various social indices studied; these are probably imperfect measures of some underlying "social factor", but how imperfect they are is unknown.
EFFECTS OF DoMESTIC AND INDUSTRIAL AIR

POLLUTION
The basic results are presented in Table I , which shows a high correlation between domestic air pollution and five of the six groups of causes of death, including the non-respiratory diseases. Fig. 2 picks out three towns (St. Helens, Middlesbrough, and Stoke-on-Trent) with exceptionally high indices of industrial air pollution (as measured here). Their bronchitis death rates, however, are not correspondingly high-being only a little above the average. The inclusion of these towns in the calculation of the correlation co-efficient would have a disproportionate effect, and the logarithm of "industrial smoke per acre" has therefore been used as the index of industrial air pollution. This procedure is not applied without precedent, since one is accustomed in biological work to encounter "doseresponse curves" in which there is a linear relation between the res~ponse and the logarithm of the dose.
It is worth noting that the co-efficient measuring the correlation between the bronchitis death rates and the logarithm of the industrial air pollution index is very similar to that obtained when the same death rates are correlated with the unadjusted index of air pollution for all the C.Bs excluding the three already mentioned. Fig. 2A shows a clear upward trend, but group.bmj.com on June 22, 2017 -Published by http://jech.bmj.com/ Downloaded from 50 per 100,000. These figures presumably reflect the incidence of silicosis among potters, and of pneumoconiosis among coal miners. In view of this, it is necessary to bear in mind that the rates for "other respiratory diseases" may be distorted by occupational differences between the populations in each town.
That occupational differences probably have little effect on the male death rates from bronchitis is demonstrated by Fig. 3 (a) Using the Registrar General's classification of occupations (General Register Office, 1951) , and 1951 Census data on the proportions of the five social classes so defined which were to be found in the C.Bs, a score of 1 to 5 was assigned to each of the social classes and a weighted average score was obtained for each C.B.t They ranged from 2.90 in Bournemouth to 3-64 in Bootle.
(b) The index of overcrowding adopted was the proportion of households living more than one person per room. It ranged from 8 1 per cent. in Great Yarmouth to 34 9 per cent. in Gateshead.
(c) From the point of view of spread of infection it may be argued that people living in towns with a high density of population (measured by the number t Similar results were obtained using "the proportion in Social Classes IV and V". of persons per acre) are more liable to respiratory diseases than people living in towns with a lower density. But any measure of density obtained by dividing the total population by the area of a town is obviously highly correlated with domestic air pollution. The following procedure was used to obtain a more meaningful measure of population density, and one which is less highly related to air pollution, so that it is easier to distinguish between the effects, if any, of both of these factors.
Besides Table II shows that with bronchitis the correlation co-efficients are about the same level for the social indices as for the air pollution indices. The highest degree of association appears to be with "educational level" and the lowest, surprisingly, with "population density", but all four social indices are highly inter-related, and it is likely that they are Values of the correlation co-efficient r corrected for attenuation error.
Uncorrected values are given in brackets.
simply different aspects of a certain factor which in some very complex way, can be thought of as measuring social differences between towns. While clearly it would be desirable to analyse the data so as to be able to state that a certain proportion of the variation in the bronchitis rates was due to air pollution, and another proportion to social factors, this is not possible with any reasonable degree of precision. Broad conclusions can, however, be drawn. When bronchitis mortality is correlated with domestic and industrial air pollution, and the "effects" of social factors (assuming these to be direct effects) are eliminated,* a correlation co-efficient r = 0-47 is obtained. When bronchitis mortality is correlated with "social" factors, and the "effects" of air pollution (assuming now that these are direct effects) are eliminated, we obtain r 0-39. Both these values are highly significant, indicating that air pollution and social factors have an independent and real effect, and in view of the similarity of these correlation co-efficients, it is not unreasonable to infer that these effects are of similar magnitude. Since it can be shown that about two-thirds of the variation in the bronchitis death rates could be attributed to the combined effects of air pollution and social factors (as measured), it follows that about one-third of the variation in mortality could be attributed to air pollution and about one-third to social factors. In view of the imperfections of the indices used, it is likely that these proportions are under-estimated, but it is not possible with the material available to determine the reasons for the residual third of the variation in mortality.
It can be noted that, in the London area, the Metropolitan Borough with the lowest bronchitis death rates for males aged 45-64 years or 65-74 years is Chelsea, which has both a high "social status"t and an above average level of air pollution -(and incidentally, several large power stations in the near vicinity). It could be inferred from this that air pollution is less important than social factors. However, even if air pollution is implicated in only 30 per cent. of all bronchitis deaths in England and Wales, this is equivalent to more than 7,500 deaths in any one year. Table I and Figs 1 and 2 have shown that the relationship between lung cancer deaths and air pollution is less than that between bronchitis deaths and air pollution. As far as the present indices are concerned, only 'about 35 per cent. of the variation in lung cancer mortality between the towns could be attributed to the combined effect of both pollution and social indices. A co-efficient of r = 0-31 is obtained when the death rates are correlated with air pollution after eliminating the effects of the social indices, and a co-efficient of r = 0-25 when they are correlated with social indices after eliminating the effects of air pollution. There is, therefore, no indication here that air pollution is a major factor in the aetiology of lung cancer. The fact that domestic air pollution demonstrates a rather higher correlation with this cause of death than does industrial air pollution may be relevant to the hypothesis that the benzpyrene in town air is an aetiological agent; Waller (1952) of smoking habits would imply that substantial changes had taken place in the smoking habits of the populations in whole groups of towns. Also, the "proportion of non-smokers" is not tied down to any consideration of the previous day's smoking habits. It seems likely, therefore, that neither differences in domestic or industrial air pollution, in smoking habits, or in social factors, can account for more than a relatively small proportion of the variation observed in the death rates for lung cancer in the various county boroughs.* In seeking for some other factor which could be responsible for this variation, a number of analyses were carried out. One interesting result which emerged was the fact that lung cancer seemed to be highly related to respiratory tuberculosis, in so far as those towns with a high death rate from one disease tended also to have a high death rate from the other. The relevant value of r is 0-66 (a value which is not altered when social class is taken into account), whereas r = 0-41 in the comparison of lung cancer with bronchitis, and r = 0-27 in the comparison of lung cancer with pneumonia. If it be postulated that people who have had a certain degree of respiratory tubercular infection are more liable to lung cancer, then the variation between towns in the lung cancer death rate could be attributed, in part at least, to the fact that some towns contained a greater proportion of such people than others-which is highly probable in view of the large variation between these towns in mortality from respiratory tuberculosis. However, it has not been possible to follow up this idea in detail. Table IV shows a puzzling feature of the data. When the "density aggregates" are studied, a clear trend from rural area to conurbation is discernable for lung cancer but such a trend is practically nonexistent for "all non-respiratory diseases". It is partly on the strength of such tables that air polution has been hitherto considered to be a possible important factor in the aetiology of lung cancer. When the 83 C.Bs are classified according to density aggregate in this way, a similar trend appears for lung cancer but not for the non-respiratory diseases. Yet Table I shows that, on the whole, there is rather less correlation between air pollution and lung cancer than between air pollution and nonrespiratory diseases. It would appear from these facts that lung cancer is related in some way to the size of the town, though it is difficult to see how. This has been confirmed by a study of the mortality rates in the 83 C.Bs, which showed a significant association between population and lung cancer mortality but practically none between population and respiratory tuberculosis mortality. One final point worth bearing in mind before the density aggregates are used to draw conclusions about the effects of air pollution is that the large urban areas (those with a population of 100,000 or more-outside the conurbations) include such relatively non-polluted towns as Blackpool, Bournemouth, Norwich, and Southend.
LUNG CANCER
OTHER CAUSES OF DEATH One interesting feature of Table I insofar as causes of death other than bronchitis and lung cancer are concerned, is the relatively high correlation between air pollution and all non-respiratory diseases. Neither lung cancer, respiratory tuberculosis, nor other respiratory diseases show any significant correlation with industrial air pollution, yet with the non-respiratory diseases r = 0 35. Although four of the causes of death studied showed closer relationships with domestic air pollution, the value of r = 0 50 obtained by correlating with the nonrespiratory diseases is very highly significant. One possible explanation is that "good health" is being measured here, and that this is associated with exposure to sunshine, which, in towns, is considerably reduced by air pollution. When the non-respiratory diseases are correlated with both pollution indices, after eliminating the effects of the two main social indices, a value of r = 0 35 is obtained, which is still relatively high.
Pneumonia shows much the same tendencies as bronchitis, and the relevant correlation co-efficients in Tables I and II are very similar. However, when pneumonia is correlated with both pollution indices, after eliminating the effects of social factors, r = 0 28 which is very much less than the corresponding figure of 0 *47 for bronchitis.
Respiratory tuberculosis shows some correlation with domestic air pollution but little with industrial air pollution. As one would expect, it is most highly associated with overcrowding. When correlated with air pollution, after eliminating social factors, r = 0-33.
Other respiratory diseases do not appear to be correlated with any of the indices studied.
AIR POLLUTION BY POWER STATIONS
It has already been remarked that it was impossible to differentiate between the effects of smoke and the effects of sulphur in considering pollution from domestic and industrial sources. A special study was therefore made of power stations, since they are primarily sulphur-producing agents and any harmful effects attributed to them would probably be due to their emission of sulphur products. Unlike domestic chimneys, which are spread fairly evenly throughout a town, power station chimneys can be thought of as point sources of pollution, and the concept of fuel consumed per acre of built-up area is therefore irrelevant. Instead, a detailed study was made of each county borough to find out (a) the proportion of the population living within one mile of a power station, (b) the average amount of sulphur emitted by each station over a period of 11 years, and (c) the heights of the chimney stacks. These were combined in a number of ways to give measures of what might be described as the potential "'nuisance value" of the power stations in or near the 83 C.Bs. The results obtained did not indicate that proximity to a power station increases the death rate from bronchitis. For instance, Fig. 4 shows that C.Bs with no power stations (eight had no power station within a mile) have just as high an average bronchitis death rate as those with a very high level of power station pollution. The "nuisance value" index in this case was based on the product of (1) the average annual sulphur emission during the 11 years, 1941-51, (2) the proportion of the population living within one mile of a power station, and (3) Although most of the county boroughs comprised complete L.F.O. areas, some of them had been amalgamated with one or more urban or rural district to form a single L.F.O. area. Since the industrial coal statistics only applied to the latter, it was necessary to make some estimate of the proportion of industrial fuel consumed in the C.B. itself. This was done by using data supplied by the Ministry of Housing and Local Government on the rateable value of industrial hereditaments in each county borough, urban district, and rural district. A similar procedure was carried out for the other industrial fuels.
Finally, when the fuel used by carbonization and briquetting plants (i.e., gas works, coke ovens, etc.), is burnt, only a small proportion of the products of combustion are released to the atmosphere. The Beaver Committee (1954) shows, for instance, that 27 -2 million tons of fuel were supplied to gas works in 1953, but that only 6 2 million tons of fuel were burnt. Allowance has therefore been made for this effect, though results are complicated by the fact that the fuel burnt in coke ovens consists of a gas, The resulting figures have been included in the indices of "industrial air pollution".
MEASUREMENT OF BUILT-UP AREAS.-The Ministry of Housing and Local Government gave access to the 6-in. to the mile maps of present land utilization which had been submitted under the 
